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Introduction
It is widely accepted that mid-ocean ridges are mostly passive features in the sense that mantle upwelling beneath ridges results from plate separation. Mid-ocean ridge basalts (MORB), which represent the end product of decompression melting of the upwelling mantle, thus record the geochemical signatures of the uppermost mantle. Compared with basalts from other tectonic settings, MORB as a whole show relatively small geochemical variations, low abundances of incompatible elements, low radiogenic Sr and Pb, and high radiogenic Nd. These observations have led to the notion that oceanic upper mantle is relatively unilormly depleted in incompatible elements. The oceanic upper mantle has thus been designated as depleted Saunders et al., 1988; Mahoney et al., 1994] . Indeed, MORB along many ridge segments in the Atlantic [Niu and Batiza, 1997a] .
In this paper, we present major and trace element data and NdPb-Sr isotope results on 24 axial and off-axis MORB samples from the EPR at 11ø20'N. Our data support previous interpretations on the size, distribution, and genesis of the enriched source heterogeneities in the sub-EPR mantle, but also provide clues on the ultimate origin of the mantle source heterogeneities in the context of mantle circulation. For example, our new data, plus the data from the near-ridge seamounts in the region [Niu and Batiza, 1997a] , suggest that the enriched heterogeneities and ambient depleted matrix both are constituents of recycled oceanic lithosphere with the crustal lithologies as the major source of the enriched component and the previously meltdepleted peridotitic residues as the origin of the more depleted matrix. Furthermore, the new Nd-Pb-Sr isotope data suggest that [Batiza et al., , 1996 . We chose samples from the 11 ø20'N transverse on the Cocos plate in this study for two reasons:
(1) The 11 ø20'N lavas show anomalous enrichment in incompatible elements (e.g., high K/Ti ratios) [Batiza et al., , 1996 Niu and Batiza, 1993b ] suitable for studying the origin of enriched-type (E-type) mid-ocean ridge basalt (MORB); and (2) Samples from one side of the axis are sufficient for temporal coverage because major element data show symmetries on both sides of the axis along each traverse [Batiza et al., 1996; Regelous et al., 1997b] , which suggests that lavas from the flanks were originally erupted close to the ridge axis, as confirmed by the nøAr-39Ar dates on some of these samples [Duncan and Hogan, 1994 ].
traces of the Hawaiian plume may be discernible beneath the northern EPR. The great distance of transport from Hawaii to the EPR may explain both the spotty dispersal of the enriched heterogeneities and the absence of any thermal effects of the plume such as seafloor topography and ridge axial depth anomalies.
EPR at 11ø20'N and Sample Locations
The samples are a subset of those collected during the 1992 Phoenix 02 expedition aboard R/V Melville [Batiza et al., , 1996 . They are from the axis of the EPR at 11 ø20'N and off-axis along a flow line out to ---40 km (--800 ka) east of the axis on the Cocos plate ( Figure 1 and Table 1 
Analytical Techniques
Major elements were determined on fresh glasses by electron microprobe at Lamont-Doherty Earth Observatory following the Latitude and longitude are fixed by the global positioning system (GPS). Depth, meters bellow sea level, is determined by Seabeam topography. procedure of Reynolds et al. [1992] . Trace elements were determined on hand-picked, phenocryst free, slightly leached (10% H202-5% HC1), and ultrasonically cleaned (mili-Q water), glass chips with a PQ2 Inductively-coupled mass spectrometer at The Universit5 of Queensland following Niu and Batiza [1997a] . Pb-Nd-Sr radJogenic isotopes were determined on similarly cleaned glass chips with a VG 54-30 Sector multicollector mass spectrometer at The University of Queensland following Regelous et al. [1997a] . Tables 2 and 3 present Figure 3 shows that on incompatible element ratio-ratio plots the 11ø20'N data form trends that lie on the arrays defined by near-EPR seamount data. These have been interpreted as meltinginduced mixing arrays resulting from melting a two-component mantle [Niu and Batiza, 1997a, b] . Note that the seamount samples include the most enriched and the most depleted lavas so far discovered on the ocean floor thus providing constraints on the nature of the two end-member components in terms of incompatible trace elements [Niu and Batiza, 1997a] . Figure 4 shows that 87Sr/86Sr and 143Nd/144Nd of 11ø20'N lavas exhibit a significant inverse correlation that lies within the "global" array, with the enriched end extending beyond the field defined by [ 1994, 1996] showed that, in fact, Ti 8, A18, Fe 8, Ca 8, Na 8, and Ca8/A18 all correlate with radiogenic isotopes in some EPR lavas and interpreted these correlations as resulting from melting of a two-component mantle. We also agree that the major source of the enriched component is recycled oceanic crust. We suggest, however, that the extremely depleted end-member is recycled peridotitic residues formed beneath ancient ocean ridges by previous melt extraction events (including hotspot melting residues). The positive trend on the Nb/Ta versus Nb plot (Figure 8d) It should be noted that recycled oceanic crust has been widely accepted to be •mportant in causing mantle source heterogeneities, but the role of the melt-depleted peridotitic residues must also be considered. The oceanic lithospheric mantle is volumetrically (_> 100 km thick) tar more significant than the crust (< 10 km thick). The enriched crustal lithologies and the underlying depleted peridotitic residues both subduct and ultimately contribute to spatially small-scale and compositionally large-amplitude mantle heterogeneities. Over geological time, these two types of lithologies ma3 be well stirred but not homogenized [e.g., Morgan [1984] show that lavas from near-ridge seamounts in the northern EPR region vary considerably in composition from highly enriched alkali basalts to extremely depleted tholeiites, reflecting with great fidelity the nature and scale of the source heterogeneity •n the sub-EPR mantle. Niu and Batiza [1997a] show that the most depleted seamount lavas have Zr/Hf < 25, Nb/Ta < 10, Th/U < 1.5, Nb/U < 20, Rb/Cs < 20, and Ce/Pb < 15, far lower than those of the most depleted N-type MORB [Hofinann, 1988; Sun and McDonough, 1989] . As the elements in the numerator are more incompatible than elements in the denominator [see Niu and Batiza, 1997a, Figure 7 ], these ratios must be even lower in the depleted source. Thus we can conclude with confidence that these ratios are maximum estimates of the highly depleted peridotitic matrix of the two-component mantle. The implication is that even the highly depleted MORB lavas are not purely derived from the peridotitic matrix but contain a component of the enriched lithologies of the two-component mantle. As the enriched lithologies are physically distinct domains, well stirred, but not homogenized with the depleted peridotitic matrix, we can conclude that radiogenic isotope compositions of average MORB must not be the same as those of the depleted peridotitic matrix. This is conceptually important for models of chemical differentiation, and, in particular, for efforts in studying osmium isotopes aimed at unravelling crust-mantle recycling. Abyssal peridotites, if identified to be unrefertilized by late-stage melt. should preserve pristine isotopic signatures of the depleted peridotitic matrix. Alternatively, the extremely depleted seamount lavas or lavas that are found in some unusual tectonic settings like the Garrett transform are also expected to provide reliable isotopic information on the depleted peridotitic matrix. In [Shen and Forsyth, 1995] or changing melting region shape [Salters, 1996] .
Summary
The major results of this study are the following: 1. The significant correlations among Sr-Nd isotopes, incompatible trace elements, and major elements in the 11 ø20'N EPR data confirm previous suggestions that the sub-EPR mantle contains two components: the enriched component occurs as physically distinct domains, widely but irregularly dispersed in the ambient depleted matrix.
2. The enriched component and the depleted matrix both possess high Nb (vs. Th) and Ta (vs. U), suggesting that they both are constituents of recycled oceanic lithosphere and have lost Th (vs. Nb) and [' (vs. Ta) during subduction zone dehydration that preferentially transfers water-soluable Th and U to the mantle wedge above for arc volcanism and leaves the residual subducted lithosphere depleted in Th and U. Return of the residual lithosphere to the sources of oceanic basalts gives rise to the high Nb (vs. Th) and Ta (vs. U) in these basalts.
3. The recycled oceanic crustal lithologies (i.e., eclogites consisting of garnet and clinopyroxne) are the major source of the enriched component, whereas the recycled, previously meltdepleted peridotitic residues underlying the crust are the most depleted end-member. These two types of lithologies in the recycled oceanic lithosphere may be well stirred yet not homogenized during the course of mantle circulation, forming the "marble cake" structure of the two-component mantle.
4. As all MORB we have discussed, even the most depleted lavas are deddved from this well-stirred two-component mantle; they thus always contain an element of the enriched component. Therefore radi{•genic isotope compositions of average MORB are not expected to be the same as those of the depleted peridotitic matrix. This •s conceptually important for models of chemical differentiation and, in particular, for efforts in studying Os isotopes aimed at revealing crust-mantle recycling.
5. The Pb-Sr isotopic relationship of the 11ø20'N lavas suggests that the enriched material may have actually flowed laterally from the Hawaiian hotspot, as suggested by mantle tomographic studies, although the nature of the flow process is uncertain and the direction of flow (opposite to plate motion) and the long distance between Hawaii and the EPR make such transport seemingly difficult. However, we believe that passive lateral flow o! low-viscosity mateddais through the low-velocity zone to feed a ridge in response to plate separation and lithosphere accretion is physically more likely than passive vertical flow of high-viscosity materials from depth. The long distance of transport between Hawaii and the EPR can explain both the random distribution (vs. spatial gradient) of the E-type MORB and the absence of apparent thermal effects (e.g., regional topographic anomalies) at the EPR. Importantly, as the asthenospheddc flow is largely horizontal, decompression melting thus does not take place during flow. Therefore Hawaiian plume materials (both enriched and depleted) can survive long-distance transport to the EPR mantle. This hypothesis should be testable by means of geophysical fluid dynamics and by examination of Pb and helium is{•topes on samples from the broad northern EPR region.
6. The so-called garnet signature in MORB is interpreted to be a source characteristic and result from partial melting of the eclogite-containing two-component mantle. The "intensity" of the garnet signature in basalts would be proportional to the amount of the enriched eclogitic lithologies present in the MORB source and would be diluted more in basalts produced by high ambient extents of melting (e.g., Kolbeinsey Ridge) than in basalts produced by low ambient extents of melting (e.g., the AAD and Cayman Rise) without having to invoke varying final depth of melting or changing melting region shape.
7. The positive correlation on NaB-Sis/FeB space and negative correlation on Ca8/A18-Si8/Fe8 space defined by the EPR lavas, which are parallel to the so-called global trend, are clearly caused by mantle source compositional variation not mantle temperature variation.
